Abstract. -The time evolution of flow-induced structures in low-concentration worm-like micellar solutions is studied using direct visualization and rheological methods. The visualization measurements show growth of a new viscous shear-induced phase (SIP) starting on the inner wall of a Couette shear cell at a time t 1 after the commencement of shear flow. The SIP continues to grow across the shear cell until it fills the entire gap at a time t2. Rheological measurements show that the time t1 corresponds to the induction time for the increase in stress and that t2 corresponds to the plateau time for the saturation of stress. These measurements provide convincing evidence that the increase of stress with time results from the inhomogeneous growth of a new shear-induced phase in the flow cell. The growth of the new phase across the cell is approximately linear in time.
Introduction. -Surfactant molecules are comprised of mutually insoluble sub-structures, generally one hydrophilic head and one or more hydrophobic tails. The introduction of such molecules into water at concentrations above the critical micelle concentration leads to the formation of aggregates where the hydrophobic tails are separated from water by a barrier made with the heads. Because of the self-assembling nature of surfactant molecules, micellar solutions may undergo structural changes when subjected to flow and thus exhibit unusual rheological behavior. As early as 40 years ago, Nash observed that eddies produced by stirring were rapidly destroyed in an aqueous solution of cationic surfactant molecules [1] . However, quantitative studies of the rheology of surfactant solutions started only about 15 years ago [2] . One of the most perplexing phenomena is the shear thickening and rheopexy observed in a wide class of low-concentration worm-like micellar solutions. These solutions exhibit a steep increase of viscosity as the shear rate is increased above a critical value, but the increase occurs slowly, often taking minutes to achieve a steady-state value. Most of the worm-like micellar systems which exhibit these phenomena consist of aqueous solutions of cationic surfactants (e.g., CTAB) with a strongly bound counterion (e.g., sodium salicylate). It has been proposed that these phenomena are caused by some type of shear-induced structures [3, 4, 5, 6, 7, 8, 9, 10] . Interest in the rheology of micellar solutions is also kindled by their drag-reducing ability and it has been suggested that shear-induced structures play a vital role in this regard [11, 12, 13] . Despite numerous studies on this subject, however, the origin of the shear-thickening and drag-reduction effect remains unclear.
Recently Liu and Pine [14] reported the formation of shear-induced structures in a CTABNaSal micellar solution using a novel direct visualization technique called light scattering microscopy (LSM). In this letter, we exploit LSM to examine the time evolution of shearinduced structures in a different surfactant system and show that there is a strong correlation between the formation of shear-induced structures and the increase in shear and normal stresses under shear flow. This correlation supports the idea of a shear-induced phase transition and provides important dynamical information on how that transition occurs.
Sample and apparatus. -The surfactant system used in this study was tris(2-hydroxyethyl)-tallowalkyl ammonium acetate (TTAA, Ethoquad T/13-50 from AKZO Chemicals, Chicago, USA) and sodium salicylate (NaSal) which forms long worm-like micelles. The rheological properties of this system has been studied extensively because of its practical use as a dragreducing additive [15, 16] . The concentration was 10 mM for both surfactant and counterion, which is high enough to have good optical contrast for making reasonable LSM images but low enough to have a significant shear-thickening effect (at higher concentrations, the shearthickening is masked by the high equilibrium solution viscosity). A transparent glass Couette flow cell described by Liu and Pine [14] was used for the visualization. The 1-mm gap between the two concentric glass cylinders (inner cylinder diameter 23.4 mm, outer cylinder rotating) was illuminated by a sheet of light from a laser with the vector normal to the sheet of light pointing in the flow direction. Light scattered from this sheet of light was collected by a CCD video camera so that an image of a flowing region, approximately 1 mm × 2 mm in size, was formed. Bright regions in the images are produced by higher-than-average fluctuations in the micelle concentration. The shear stress and first normal stress difference were measured with a RMS-800 rheometer equipped with a coni-cylinder flow cell (cup diameter 52 mm, bob diameter 50 mm, bob length 20 mm, and cone angle 0.04 rad). All measurements were performed at a temperature of 22.3 ± 1
• C.
Results and discussion. -In fig. 1 we show typical LSM images obtained at different times after the commencement of shear flow forγ = 60 s −1 for a 10-10 mM TTAA-NaSal sample. The images show a cross-section across the gap of our shear cell. Prior to the commencement of shear flow, scattering from the sample is homogeneous, reflecting the macroscopic homogeneity of the solution, as shown in fig. 1a . Immediately after the commencement of flow, the intensity of the scattered light decreases sharply, as shown in fig. 1b . This initial decrease in the scattering intensity is caused by the stretching of micelles along the flow direction [14] . Sometime after the initial darkening of the images, white structures begin to appear at the inner cylinder and then expand out towards the outer cylinder ( fig. 1c-e) . The white structure is apparently a new phase produced by the shear. This shear-induced phase (SIP) is more viscous than the unsheared fluid and scatters more light than the unsheared fluid when subjected to stress. Increased light scattering under stress is characteristic of highly crosslinked or entangled systems and has been observed in gels [17, 18] and entangled polymer solutions [19, 20] . Thus, it seems likely that the SIP is more highly entangled (or crosslinked) than the equilibrium fluid.
It is interesting to note that the SIP appears to grow as densely packed "fingers" which all have approximately the same length. While these finger-like structures appeared in all our measurements in which the SIP was observed, the fingers were not always densely packed but instead often had some finite space, comparable to the width of the fingers, between each finger. Indeed, this is what was reported by Liu and Pine previously in the CTAB-NaSal system [14] . However, we find that over a finite range of concentrations, the fingers are densely packed in our samples. As will become apparent below, this critical feature enables us to compare quantitatively rheological measurements with our LSM visualization measurements and to make some important inferences about the origin of shear-thickening in these solutions.
Continuing our discussion of fig. 1 , we see that the new phase continues to grow across the gap until it reaches the outer cylinder ( fig. 1e ). Once the new phase touches the outer cylinder, the flow becomes chaotic and both dark and bright objects appear ( fig. 1f) . We believe this is caused by the rupturing and reforming of the SIP which continuously occurs once the new phase spans the gap of the Couette cell.
The main objective of this letter is to compare quantitatively the temporal evolution of the LSM images with rheological measurements of shear thickening in this system. Therefore, in fig. 2 , we show a typical rheological curve obtained from the 10-10 mM TTAA-NaSal sample at a shear rate of 60 s −1 . After an initial decrease, the first normal stress difference N 1 ≡ σ 11 −σ 22 remains constant for approximately 10 s and then begins to increase. After approximately 160 s, the normal stress reaches a plateau where it fluctuates about an average steady-state level. The shear stress σ 12 shows qualitatively similar behavior, though noisy signals at low shear rates makes it difficult to accurately determine the time when the shear stress begins to increase. Therefore, we use the normal stress data for our analysis since it is more sensitive to the structural changes than the shear stress data [16] . We note that the rheological behavior, as characterized by N 1 , bears a remarkable correspondence to the LSM visualization data. The initial decrease in N 1 corresponds to the initial decrease in light scattering intensity. The growth in N 1 corresponds to appearance of the SIP and the saturation in N 1 corresponds to the SIP having filled the gap of the Couette cell. To investigate this correspondence quantitatively, we define an induction time t I and a plateau time t P , as shown in fig. 2 , consistent with previous rheological research on these systems [16] . While there is some ambiguity concerning how best to define these times, we find that the times vary over a sufficiently large scale that the small differences that result from alternative definitions are completely inconsequential.
To facilitate quantitative comparison between the rheological and LSM data, we have measured the time at which the new phase is first visible and the time when it fills the gap for shear rates from 20 s −1 to 300 s −1 . (Our LSM data do not have sufficient temporal resolution to characterize the initial homogeneous decrease in scattering intensity.) Results are shown in fig. 3 . Empty triangles indicate the time t 1 when the first new structure is clearly visible in the gap. Solid triangles indicate the time t 2 when the SIP structure completely fills the gap between the cylinders of the Couette cell. On the same graph we plot the rheological induction and plateau times t I and t P obtained independently from the first normal stress measurements. Very similar values of t P are obtained from our σ 12 measurements. However, the σ 12 measurements were too noisy to obtain meaningful values of t I , as discussed above. The plots reveal a remarkable correspondence between the rheological and structural time scales. The somewhat larger induction time obtained from the LSM than from the N 1 measurements is most likely due to the smaller sensitivity of the visualization technique to the initial formation of the new phase. This is consistent with the suggestion that the intensity of scattering from the SIP is controlled by how strongly it is stretched. When the SIP begins to form, the stresses in the cell are lowest and the SIP is not highly stretched. As the SIP grows across the gap, the stresses increase ( fig. 2 ) and the SIP is more strongly stretched, which increases the intensity of the light scattered from the SIP.
Two conclusions may be drawn from the close correspondence between the data obtained with the two different methods: (1) the induction period t I , during which there is no measurable increase in stress, corresponds to the period t 1 during which no visible new phase is formed and (2) the temporal increase in stress which occurs between times t I and t P corresponds to the growth of a new shear-induced phase across the gap of the shear cell between times t 1 and t 2 . The plateau time t P is the time t 2 when the new structures reach the outer cylinder. Thus, by correlating the images of the temporal evolution of the shear-induced structures with the temporal increase in stress, we identify the shear-thickening transition with the formation of a new shear-induced phase.
We can also examine the rate at which the new phase is formed and its dependence on shear rate. To this end, we show in fig. 4 the position of the front of the new phase as a function of time for four different shear rates between 60 s −1 and 200 s −1 . The zero position is defined to be at the inner cylinder and the 1-mm position is at the outer cylinder (the width of the gap is 1 mm). The error bars reflect the fact that the front is not perfectly flat. Because the contrast between the SIP and the fluid phase is very low when the SIP is first formed, we were not able to observe the formation of the SIP at its inception. Thus, the first point at t − t of f = 0 s is not at the zero position for any shear rate. Nevertheless, fig. 4 shows that the speed at which the interface advances across the cell increases with shear rate. Moreover, within the resolution of our measurements, the speed of the front is approximately constant for a given shear rate.
In summary, we observe a quantitative correlation between the time evolution of the direct visual observations of the inhomogeneous growth of the new shear-induced phase and the measured increase in stress. This correspondence shows that the shear-induced transition is responsible for the shear-thickening in the micellar solution we studied. We suggest that this shear-induced transition is also the mechanism for the similar rheological behavior observed in many other surfactant systems. ***
